We introduce an aqueous flow battery based on low-cost, non-flammable, non-corrosive and Earth-abundant elements. During charging, electrons are stored in a concentrated water solution of 2,5-dihydroxy-1,4-benzoquinone (DHBQ), which rapidly receives electrons with inexpensive carbon electrodes without the assistance of any metal electro-catalyst. Electrons are withdrawn from a second water solution of a food additive, potassium ferrocyanide (K4Fe(CN)6). When these two solutions flow along opposite sides of a cation-conducting membrane, this flow battery delivers a cell potential of 1.21 V, a peak galvanic power density of 300 mW/cm 2 and a coulombic efficiency exceeding 99%. Continuous cell cycling at 100 mA/cm 2 shows a capacity retention rate of 
Abstract:
We introduce an aqueous flow battery based on low-cost, non-flammable, non-corrosive and Earth-abundant elements. During charging, electrons are stored in a concentrated water solution of 2,5-dihydroxy-1,4-benzoquinone (DHBQ), which rapidly receives electrons with inexpensive carbon electrodes without the assistance of any metal electro-catalyst. Electrons are withdrawn from a second water solution of a food additive, potassium ferrocyanide (K4Fe(CN)6). When these two solutions flow along opposite sides of a cation-conducting membrane, this flow battery delivers a cell potential of 1.21 V, a peak galvanic power density of 300 mW/cm 2 and a coulombic efficiency exceeding 99%. Continuous cell cycling at 100 mA/cm 2 shows a capacity retention rate of 99.76%/cycle over 150 cycles. Various molecular modifications involving substitution for hydrogens on the aryl ring were implemented to block decomposition by nucleophilic attack of hydroxide ions in solution. These modifications resulted in increased capacity retention rates of up to 99.962%/cycle over 400 consecutive cycles, accompanied by changes in voltage, solubility, kinetics and cell resistance. Quantum chemistry calculations of a large number of organic compounds predicted a number of related structures that should have even higher performance and stability. Flow batteries based on alkaline-soluble dihydroxybenzoquinones and derivatives are promising candidates for large-scale, stationary-storage of electrical energy.
Introduction
The replacement of fossil-fuel energy with renewable sources has been increasing as the cost of solar and wind energy falls rapidly. Recent reports show that from 2008 to 2015, the cost of wind generation fell by 41%, rooftop solar photovoltaic installations by 54%, and utility-scale photovoltaic installations by 64%. The cost of solar panels now takes up less than 30% of a fully installed solar electricity system. [1] Although the cost of electricity from wind and sunlight has dropped dramatically, their widespread adoption is impeded by the inherent intermittency of these renewable energy sources. Safe, low cost, efficient, and scalable energy storage could solve this problem.
A number of energy storage options are available, such as pumped hydro, flywheels, compressed air, supercapacitors, solid-electrode batteries, and redox flow batteries (RFBs) [2] .
In RFBs the redox-active species are separately stored in electrolytes in external tanks, and react reversibly in a device similar to a fuel cell when they are pumped past the electrodes ( Figure. 1 ). This design offers significant advantage over solid electrode batteries, by decoupling energy and power output: the former is determined by the tank size and electrolyte concentration, the latter by electrode area [3] . Moreover, aqueous RFBs eliminate the safety issues posed by flammable organic solvents and, due to low electrolyte resistance, enable high current densities. The all-vanadium RFB, which has been the most heavily commercialized, is restricted by the low earth-abundance and the high and fluctuating cost of vanadium [4] .
Aqueous organic redox flow batteries (AORFBs) exploiting water-soluble organic and organometallic redox-active molecules that are composed of only earth-abundant elements [5] have been the subject of recent research. AORFBs offer structural diversity, tunable redox potential and optimizable solubility [6] . High aqueous solubility, well-separated reduction potentials barely avoiding water splitting, stability, safety, and low cost at mass-production scales constitute the most critical attributes for novel aqueous organic electrolytes.
(insert Figure. 
1)
Small molecule-based AORFBs can be run at acidic [5a] , neutral [3a, 5e] , or basic pH [5c, 5d, 7] . The ultimate goal for organic flow battery reactants is to achieve sufficient stability at a reasonable cost. For long-lifetime projects such as flow batteries for grid storage, discounting can become an important consideration. If the present value of the accumulated annual replacement cost is less than the savings in capital cost compared to vanadium then, other things being equal, the low-cost, shorter-lived reactant is the lower-cost option. This is illustrated in Figure. 2, which displays the breakeven point for the ratio of the annual replacement cost to the capital cost savings between a lower cost organic electrolyte and a higher cost infinitely stable reactant. For example, if the infinite-life electrolyte cost is 50$/kWh and the low-cost organic reactant costs 10$/kWh but requires 30% be replaced per year, the breakeven ratio is (30%*10)/ (50-10) = 7.5%. For a 20-year project, replacement of the cheaper shorter-lived reactant becomes the economically favorable choice when the interest rate for discounting exceeds 4%. This requires, of course, that decomposition products do not compromise the battery performance and that replacement is technically achievable and has negligible additional associated costs. We propose that benzoquinone functionalization, similar to the one presented in this study, is a promising path toward achieving this commercialization goal.
(insert Figure. 2)
Results and Discussion

2,5-dihydroxy-1,4-benzoquinone (DHBQ). DHBQ is ubiquitous in cellulose products
and is the major survivor of bleaching treatment of cellulose products [8] . It is readily formed from the breakdown of cellulose products and enjoys high resistance towards oxidants such as hydrogen peroxide, ozone and oxygen by virtue of resonance stabilization [8] (Figure. 3). The accumulation of negative charge at the unsubstituted positions mitigates possible attack by nucleophilic species (e.g. water or OH -) through Michael addition, which was proposed to be the major mechanism of capacity fade in an AORFB with a 1,2-benzoquinone-3,5-disulfonic acid posolyte (positive electrolyte).
[5g] The combination of chemical resistance and synthetic accessibility of DHBQ made it a logical alternative to investigate.
(insert Figure. 3)
Initial cyclic voltammetry experiments confirmed that DHBQ undergoes reversible two-electron reduction/oxidation, with well-defined anodic and cathodic peaks having a small peak separation (Supplementary Figure.S2 ). In order for DHBQ to be used in a practical cell, it has to have a high solubility at the operating pH. As expected, DHBQ is highly soluble at high pH due to its two solubility-enhancing hydroxy groups, which are deprotonated above diffusion coefficient similar to those of 9,10-anthraquinone-2,7-disulphonic acid [5a] , ferrocene derivatives [3a] , TEMPO derivatives or viologens [9] , and slightly higher than those of the sodium salts of flavin mononucleotide [7] and DHAQ [5d] . As expected, the experimental diffusion coefficient is 5 orders of magnitude higher than that of the redox-active polymers that have been demonstrated in an aqueous RFB [5b] . The electron-transfer rate constant (k o ) is greater than those of ferrocene derivatives [3a] , alloxazine [5c] , V 3+ /V 2+ and VO 2+ /VO2 + [10] , which makes it promising as an AORFB reactant (Supplementary Table S3 ).
(insert Figure. Initial cell performance was evaluated with three different commercial cation exchange membranes, namely Nafion 212 (N212), Nafion 115 (N115) and Nafion 117 (N117).
Polarization curves ( Figure. 6) show that the cells assembled with N212, N115 and N117 exhibit peak power densities of 300 mW/cm 2 , 164 mW/cm 2 and 137 mW/cm 2 , respectively.
The difference in peak power density results from the overall cell resistance as reflected in the potential-current curves. Figure.S5 ).
(insert Figure. 6 ) DHBQ/K4Fe(CN)6 cell cycling. Cell cycling experiments were conducted to evaluate the capacity retention rate of the DHBQ/K4Fe(CN)6 cell. Prior to cycling, the cell capacity was evaluated with a full charge-discharge process to be 531.4 C, which is 91.8% of the theoretical value (578.9 C in 6 mL negolyte). When cycled galvanostatically at 100 mA/cm 2 between voltage cutoffs of 1.6 and 0.6 V, the initial capacity was 23.15 Ah/L, which is 86.4%
of the theoretical capacity, 26.79 Ah/L. We tentatively attribute the value of 91.8% to DHBQ purity and transfer loss, the difference between 91.8% and 86.4% to overpotential during cell cycling. The DHBQ/K4Fe(CN)6 cell assembled with the N212 membrane suffers from severe capacity fade (Supplementary Figure. S6 ). The coulombic efficiency (CE), which is the ratio of the discharge capacity to the immediately preceding charge capacity, is around 77% and drops to 72.5% after 10 cycles. The low value of the CE indicates that self-discharge of the N212-cell is taking place during cycling, which we hypothesize to be caused by crossover of active electrolytes across the membrane. The high DHBQ crossover rate stems from its small molecular size as well as the high water-uptake and small thickness of N212 membrane (Supplementary Table S4 ). On the one hand, by switching to thicker membranes, N115 and N117 ( Figure. 7, Supplementary Fig.S7 ), a clear increase in the coulombic efficiency of the cell of up to 99% is observed. This coulombic efficiency remains high during cycling, suggesting a reduced membrane crossover rate of the capacity-limiting reagent, DHBQ. The same capacity is obtained at 100 mA/cm 2 with either the N115 or the N117 membrane, but not with N212. On the other hand, thicker membranes contribute a higher area-specific resistance, as reflected in the polarization curves (Figure.6) ; high resistance in turn leads to decreased round-trip energy efficiency (EE). The EE of N117-based DHBQ/K4Fe(CN)6 cell is around 61%
at first and stabilizes at ~ 56%, whereas it is slightly higher for a N115-based DHBQ/K4Fe(CN)6 cell and remains comparatively stable at 65%. If the current efficiency loss current is independent of current density, then the EE of the N115 cell can be increased to ~88%
by reducing the current density to 15 mA/cm 2 -but at an increased capital cost per kW due to the large cell area per unit current.
The capacity retention rates for N115-based and N117-based cells are 99.76% and 99.68%
per cycle, respectively. Although the cell remains quite stable from each charge-discharge cycle to the next, the accumulation of the tiny capacity fade during prolonged cycling is not ideal for practical application. The capacity fade rate for the N115-based cell of 0.24% per cycle extrapolates, assuming exponential decay, to 290 cycles before the capacity drops to 50% of the original, which is inadequate for practical application.
7)
Capacity · retention analysis. By reducing the volume of the positive reservoir, a DHBQ/K4Fe(CN)6 cell that was capacity-limited by the posolyte was assembled and cycled. Figure.S8 ) show that discharge capacity of the cell remained unchanged for the first 45 cycles (around 20 hours), although the charge-capacity varied slightly. This implies that K4Fe(CN)6 loss is not contributing to the capacity loss of the DHBQ/K4Fe(CN)6 cell.
Results (Supplementary
The crossover rate of DHBQ across a N115 membrane was measured in a two-compartment rotating cell (see permeability measurements in Supplementary Information for details). The DHBQ concentration in the receiving reservoir was found to increase linearly over time, indicating a permeability of 1.27*10 -9 cm 2 /s (Supplementary Figure. S9 ). Considering the time every cycle takes, the effective membrane area and the reservoir volume of the cell, the expected capacity loss caused by DHBQ crossover would be 0.012% per cycle. Although the membrane properties in a static permeability measurement may not permit one to accurately infer its properties in a cycling cell, this is more than an order of magnitude below the observed capacity loss rate in a cycling N115-based DHBQ/K4Fe(CN)6 cell (0.24% per cycle). The discrepancy suggests molecular decomposition as a potential mechanism of capacity fade. This hypothesis was then tested by separate experiments, in which the negolyte solution composition after cell cycling, and DHBQ stored in alkaline solutions at elevated temperature, were both analyzed using NMR. A typical 1 H-NMR spectrum (Supplementary Figure.S10 ) was too complicated to interpret and suggests the coexistence of multiple species. However, more information was extracted from the 13 C-NMR spectra (Supplementary Figure.S11 ). According to the standard spectra of DHBQ in DMSO-d6 provided by Sigma-Aldrich, two carbon signals should be observed, one at 105 ppm and the other at around 172 ppm; however, the latter is broad and could hardly be observed. After 300 cell cycles, a new peak was observed at 162 ppm, indicating the generation of a new species during cycling. Combined with the information obtained from the 1 H-NMR spectrum, we conclude that multiple species are generated during cell cycling although their concentrations are not high enough to be clearly observed in the The cell potential remains close to that of the cell run at pH 14. Galvanostatic charge-discharge cycling was conducted at 40 mA/cm 2 and the evolution of the overall cell capacity was evaluated by fully charging and then fully discharging the cell once every 10 cycles (Supplementary Figure.S14 ). The overall discharge capacity retention rate was 99.98%
per cycle, which extrapolates, assuming exponential decay, to over 3,400 cycles before the capacity decays to 50% of its initial value. The results confirm the effectiveness of enhancing capacity retention of DHBQ/K4Fe(CN)6 cell at lower OH -concentration.
It has been proposed that the degradation of benzoquinones in acidic conditions is caused by Michael addition [5g] , which can be mitigated by a blocking strategy [5h] . In basic pH, hydroxide ions are stronger nucleophiles than is water in acid. Synthetic efforts were made to Figure.S15 ). The redox potential is close to that of DHBQ, and the peaks remain unchanged during repeated scans. However, adding extra aromatic rings to block the un-substituted carbon atoms led to an increased peak separation in the CV, implying sluggish redox kinetics on glassy carbon. Incorporating extra aromatic rings also caused a severe decrease in solubility that precluded full cell studies. Considering the acquired facts and synthetic difficulties, molecular simulations were conducted to help understand the behavior of blocked-DHBQ molecules and are presented in a later section.
Alternatively, the vulnerable 3-and 6-positions on DHBQ can also be blocked by polymerization. The polymerization of benzoquinone in alkaline solutions (polyBQ, see
Supplementary Information for details) and the acid-catalyzed condensation of DHBQ with formaldehyde [11] generate polymers that have repeating units with a similar structure to DHBQ. Furthermore, we anticipate such structures would be redox-active but no longer susceptible to nucleophilic attack.
(insert Figure. 8)
A polyBQ/K3Fe(CN)6 cell was assembled and run at pH 14 (Potassium ferricyanide, K3Fe(CN)6 was utilized because polyBQ is produced in its reduced form.). Similarly, the constant-coulomb incremental charging technique was utilized and the open-circuit voltage at 10% SOC is 0.806 V, which increases to 1.279 V at ~100% SOC (Supplementary Figure.   S16 ). The potential at 50% SOC, 1.004 V, is lower than that of the DHBQ/K4Fe(CN)6 cell. Figure.S17 ) show that the peak power density of the polyBQ/K3Fe(CN)6 cell at ~100% SOC is approximately 30 mW/cm 2 . The low peak power density is because of the extremely high overall resistance (DC-ASR), which is over 9 Ωcm 2 ; the resistance is four times that of the DHBQ/K4Fe(CN)6 cell with the same membrane.
Polarization curves (Supplementary
In-situ EIS measurements showed that the high-frequency resistance of the cell (Supplementary Figure.S18 ) was more than doubled by the replacement of DHBQ with polyBQ. Based on our established resistance model [12] , the high-frequency resistance is dominated by the membrane resistance, which may have suffered increases due to the plugging of ionic transport channels by polyBQ. It is also possible that polymerization has reduced the ionic diffusivity in the electrolyte to the point that mass transfer limitations have become important.
The assembled polyBQ/K3Fe(CN)6 cell was cycled for 400 cycles at 10 mA/cm 2 ( Figure.8) . The CE and EE at 10 mA/cm 2 were 96% and 37%, respectively and remained unchanged over 400 cycles, indicating a stable charge-discharge process. The capacity of the cell is ~25 % of the theoretical capacity, which may be due to the coil-conformation and chain entanglement of polyBQ in solution, as well as the slower kinetics compared with small molecules. In the meantime, the increase in viscosity due to increased molecular size also reduces the contact of redox-active repeating units to the electrodes. During the first 100 cycles, the capacity is slightly variable and increases slightly. During the following 300 cycles, the capacity retention rate was 99.962%/cycle ( Figure. 8a) . Compared with the highest capacity retention rate we acquired for a N115-based DHBQ/K4Fe(CN)6 cell (99.76% per cycle), the improvement in capacity retention rate supports our hypothesis about the effectiveness of the blocking strategy. We believe further increase in capacity retention rate can be achieved by incorporating poly (2,5-dihydroxyl-1,4-benzoquinone-3,6-methylene) , the polymer from acid-catalyzed condensation of DHBQ with formaldehyde (Supplementary Figure. S19 ), as negolyte. Although the reaction was claimed to be readily carried out [11] , we have encountered more difficulties than expected in acquiring the polymeric products. Future research effort will focus on understanding the difference in redox behavior between the monomer and its polymer counterpart. Synthetic efforts will also be devoted to acquiring the most promising substituted DHBQ based on theoretical modelling and evaluating the electrochemical properties.
Theoretical modelling and screening. Given the promise of DHBQ, we conducted a virtual screening of modified DHBQ molecules to identify potential improvements, understand potential effects of polymerization at the monomer level, and gain insights about the chemical space in the vicinity of the molecule. For this work, two properties were considered, the first being the reduction potential vs. DHBQ and the second being the redox behavior. Molecules that exhibit a one-step 2e -oxidation/reduction behavior in computed processes are favored, because reactive radical intermediates might be generated during a two-step sequence of 1e -oxidation/reduction processes. Thus, we seek to minimize the overall two-electron reduction potential (without promoting conditions that evolve H2), while also maintaining the one-step 2e -oxidation/reduction in simulation and maximize solubility. A full list of the results for the screened molecules can be found in the supplementary information (Supplementary Table S5 and Table S6 , Supplementary Figure. S20-S22); in Table 1 we report the most promising molecules. The molecules in Table 1 satisfy the following criteria: a cell voltage more than 0.1 V higher than that of DHBQ when paired with ferrocyanide (i.e. a reduction potential more than 0.1 V lower than DHAQ), a predicted solubility of > 1 M (LogS > 0), and predicted to be a one-step reduction.
Here we discuss some illustrative cases. First, DHBQ derivatives with alkyl substitutions were explored to elucidate the differences in the reduction potential between the subunits of polymers and the DHBQ monomer. In general, in the addition of shorter alkyl chains reduces the reduction potential relative to DHBQ, though there are some instances in Table S6 where alkyl substitutions on DHBQ would lower the cell potential. From the group with shorter alkyl chain substitutions, the molecule in Table 1 with two CH2N(CH3)2 substitutions is predicted to have the highest cell voltage. (see supplementary Tables S5 and S6 for a list of some of the compounds considered).
Second, we considered modifications of the OH groups on DHBQ (in conjunction with the other substitutions), including substituting them with polyether chains. Interestingly, the substitution of a single polyethylene glycol subunit typically decreases the cell voltage relative to DHBQ, whereas the replacement of OH by a two-or three-unit polyethylene glycol chain increases the cell voltage. We also examined the substitution of the non-OH sites with similar chains and found that when combining two OH groups with a pair of three ethylene glycol chain substitutions, the cell voltage is predicted to be 0.21 V higher than that of DHBQ.
Based on this and the predicted solubility in basic solution, this molecule appears to be one of the most promising in this group.
(insert Table. 1)
Conclusions.
Our results indicate that DHBQ-based reactants are promising for alkaline organic RFBs.
Compared with anthraquinone-based reactants, benzoquinones have higher alkaline solubility, lower molecular weight, and lower cost. The lower molecular weight, however, causes enhanced membrane permeability and thereby poses challenges for membrane development toward low molecular permeability while maintaining high ionic conductivity, in order to prevent capacity fade due to molecular crossover. Fortunately, many membranes now available seem to be sufficiently stable up to pH 14. 2,5-DHBQ, without further substitution, is not sufficiently stable to provide the service life needed for practical implementation. Our observations support the hypothesis that nucleophilic attack of hydroxide ions on the unsubstituted carbon atoms of the DHBQ aryl ring is responsible for the observed capacity fade. Synthesized derivatives of DHBQ, in which the aryl ring is fully substituted in various ways, substantially altered the capacity retention rate as well as the solubility and redox activity. The insight gained from computational screening, in conjunction with these experiments, points out avenues for further performance improvement and give us a fighting chance of using benzoquinone-based alkaline organic RFBs to provide safe, cost-effective, robust stationary electrical energy storage.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure. 8 Cell cycling performance of a polyBQ/ K3Fe(CN)6 cell utilizing Nafion 115. Due to a higher overall resistance, the cell was cycled at 10 mA/cm 2 with potential cut-offs of 1.6 V and 0.6 V, without any potential holds. Representative cell potential versus capacity curves (a) and efficiencies (b) over 400 consecutive cycles are presented. Redox-active and cheap benzoquinone materials that store energy in considerably smaller volumes are reported. When paired with potassium ferrocyanide, an inexpensive and safe food additive, this flow battery chemistry delivers a cell potential of 1.21V and a peak galvanic power density of 300 mW/cm 2 . Quantum computational simulation has also identified promising compounds for future improvements. 
